M
y son enjoys visiting my lab on weekends because the university internet connection is much faster than our home modem connection. He also likes to read DNA sequences to find that single base change that often spells the cause of human genetic disease. And, when he finds a change, he asks me how it occurred. We discuss DNA damage, repair, and replication, but I can never exactly answer that ''how'' question for him. It takes me back to the 1970s! I vividly remember the end of a backpacking trip in the Great Smoky Mountains National Park, enjoying our first non-freeze-dried meal in 10 days and reading the newspaper article about the discovery of a mouse germ cell ''supermutagen.'' It was N-ethyl-N-nitrosourea (ENU) inducing specific-locus mutations in mouse spermatogonia cells. Russell et al. (1) concluded that ''ENU can serve as a model compound in exploring the effect of such factors as dose-response, dose fractionation, sex and cell stage on the mutagenic action of a chemical.'' Subsequent studies showed that ENU is also a powerful rodent carcinogen, inducing mutations in oncogenes (2, 3) . But, the question still hangs in the air: Why is ENU such a potent mutagen? It damages DNA, but what happens to yield that gene mutation? Twenty years of research have brought us to the brink of understanding the molecular ''how'' for ENU and many other mutagens. And now we have a new aid for this quest. In a paper in this issue of PNAS, Bielas and Heddle (4) use ENU as the mutagenic agent in an elegant study of in vitro mutation induction in transgenic mouse cells that carry the bacterial lacI gene. What I find so novel is that the method allows them to determine when the DNA damage is converted or fixed into a heritable mutation, and how much damage is repaired.
The method developed by Bielas and Heddle (4) is based on the phenotype of mutations in the lacI gene. Genomic DNA is isolated from the mouse cells and the lacI gene ''packaged'' into lambda bacteriophage for phenotypic analysis in Escherichia coli. When the lacI gene is mutated, the phage forms blue plaques. However, as shown in their figure 1, if the mutation was fixed while the transgene was in the mouse cell (cellular mutation), the plaque is homogeneous (Ͼ90%) mutant. If the DNA damage is converted into a mutation during the subsequent phage replication in the bacteria (bacterial mutation), the plaque is mosaic, with a 50:50 distribution of mutant and wild-type phage. On its own, this observation provides a method to follow fixation of ''potentially mutagenic adducts'' on the DNA strand into double-stranded mutations in the mouse cells. But, it gets better. Using this approach with quiescent cells arrested for DNA synthesis and cell division allows Bielas and Heddle to study the role of DNA replication in mutation fixation, as well as the kinetics of adduct repair. The frequency of bacterial mutations defines the mutagenic adduct level, and the frequency of cellular mutations defines the extent of mutation fixation by the mouse cells. This method allows measurement of both repair and fixation in the absence of DNA replication. DNA replication effects then are studied by inducing the quiescent cells to proliferate. The results shown in their figures 5-7 clearly demonstrate that, although proliferating cells quickly convert bacterial mutations to cellular mutations, quiescent cells do not, i.e., cell proliferation (DNA replication) is necessary for mutation fixation. Remarkably, the frequency of bacterial mutations (which defines the level of potentially mutagenic adducts) remains stable over time in the quiescent cells and these adducts do not appear to be repaired. In addition, after inducing the quiescent cells to proliferate, only a fraction of these adducts are converted to cellular mutations. Cell proliferation results in both the repair of a portion of the potentially mutagenic adducts and the fixation into mutations of the remainder of the adducts. These could, of course, be different adducts.
The importance of this technique goes beyond the present results with ENU. It offers a new approach to understanding the mutagenic mechanism of the many chemicals that are ubiquitous in our environment. We know a great deal about the DNA damage caused by alkylating agents such as ENU and related chemicals. Their reaction with DNA results in methyl, ethyl, or larger molecular weight adducts on the DNA. This DNA alkylation can cause both cancer and inherited mutations. DNA repair systems have evolved to recognize and ''repair'' these damages. ENU reaction with DNA yields many adducts, the major ones being N7-ethylgua- -T, through alkyl DNA alkyltransferase (AGT; designated MGMT in humans). Base excision repair (BER) and nucleotide excision repair (NER) also recognize adducts in DNA, probably because of the distortion of the base-pairing stability. As Bielas and Heddle (4) point out, it has become almost dogma that DNA repair either restores the adducted base to its normal structure (e.g., through the action of AGT) or removes the adducted base and inserts a correct base (e.g., through the action of BER or NER). A connection between this DNA repair and RNA transcription also has been found and is termed transcription-coupled repair (7). It is assumed that mutations occur only if DNA replication occurs before the damage has been repaired, i.e., restored to normal. Bielas and Heddle's results with quiescent cells induced to proliferate (their figure 7) can be viewed as a measure of the effect of persistent, unrepaired adducts. (The apparent repair of a fraction of these adducts after proliferation is induced must be related to DNA replication because the lacI gene is not transcribed in the mouse cells.) Now the identity of both the persistent adducts and the specific mutations can be determined.
In AGT-deficient (AGT . In AGTproficient cells, the O 6 -alkyl adduct is removed from G through direct transfer to an acceptor protein. In AGT-deficient cells, there are two possible fates for this and similar adducts. If the cellular DNA is replicated, the O 6 -alkyl G is misreplicated as an A and a T is incorporated in the new DNA strand. Subsequent replication ''fixes'' the G:C3 A:T mutation (A, mutation in red). This would yield a colony of 50% mutant cells. In the absence of DNA replication, nucleotide excision repair (NER) or base excision repair (BER) processes might recognize the ''mismatched'' base pair. Correct repair would remove the O 6 -alkyl G and insert the correct G. Misrepair would remove the C and insert a T opposite O 6 -alkyl G. The now fixed G:C3 A:T mutation would be propagated during subsequent DNA replication (B, mutation in red). The total mutant yield through misrepair would be the same, assuming a 50% probability of either repair or misrepair. However, the mutant colony would be ''pure,'' i.e., 100% mutant cells. Representative studies are summarized in (15) . (Mutations induced in proliferating CHO cells by alkylating agents correlate with O 6 -G adducts and are primarily G:C3A:T transition mutations.) A novel in situ study of alkylation induced mutations at the glucose-6-phosphate dehydrogenase (G6PD) gene in CHO cells that allowed analysis of the mutant phenotype in single cell colonies showed both mosaic colonies, i.e., 50% mutant and 50% wild type, and pure colonies, i.e., 100% mutant (16, 17) . (The mosaic colonies are parallels to Bielas and Heddle's bacterial mutations, and the pure colonies parallel their cellular mutations.) Both these CHO cell results suggest that there is a ''mutational mechanism which fixes the mutation in both strands of the DNA before the next replication cycle'' (17) . In hindsight, it would have been informative to study these G6PD mutations with quiescent cells. Fig. 1 presents a mechanism for this mutation fixation in the absence of DNA replication. Replication of the O 6 -alkyl G:C base pair yields a wild-type G:C base pair and a mutated O 6 -alkyl G:T base pair (Fig. 1 A,   mutation in red) . Subsequent replication results in a ''fixed,'' mutant A:T base pair (G:C3A:T transition) and a mosaic 50:50 mutant colony. In the absence of AGT repair, repair of the O 6 -alkyl G:C ''mismatch'' either removes the O 6 -alkyl G and ''repairs'' with a G, or removes the C and ''misrepairs'' with a T (Fig. 1B, mutation in  red) . Subsequent replication yields either a pure wild-type colony after repair or a pure mutant colony after misrepair. Both processes yield the same frequency of mutations, but through different mechanisms. This mechanism of mutation induction places the importance of AGT activity in a new light. In its absence (AGT Ϫ ), mutations can result in the absence of DNA replication. Perhaps in quiescent cells in vivo, this misrepair is a general mechanism of mutation induction resulting from O 6 -alkyl G and other adducts, which create apparent base pair mismatches, which are not repaired by specific repair enzymes such as AGT. Perhaps transcription-coupled repair has more precise discrimination between the alkylated base and the normal base, and preferentially removes the adducted base.
The method developed by Bielas and Heddle provides a way to answer many of these questions. The use of AGT The results showing persistent adducts in the quiescent cells that yield bacterial mutations but not cellular mutations plead for a spectrum of these mutations. Is the persistent adduct O 2 -alkyl T and will the mutations then be A:T3T:A transversions? Will these mutations show the strand bias toward the nontranscribed strand found for these transversions at A:T base pairs induced both in vivo and in vitro in other systems including lacI transgenic mice by ENU (8, 9, 11, 14, 18) ? Perhaps not, if this bias is caused by transcription-coupled repair, because the lacI gene is not transcribed. Perhaps so, if this bias is caused by a difference in fidelity of DNA replication between the two strands of the gene (19) . The Bielas and Heddle technique offers the opportunity to address these issues with a unique approach.
Lastly, the differentiation between bacterial mutations and cellular mutations could be applied to lacI mutations induced in vivo in lacI transgenic mice. To my knowledge, this has not been done in mutation induction studies, although this approach was used to demonstrate that most spontaneous lacI mutations isolated from mouse small intestine arose in vivo, i.e., were cellular mutations (20) . Analyzing induced mutations would differentiate persistent, potentially mutagenic adducts (as bacterial mutations) from in vivo fixed mutations (as cellular mutations).
To come full circle to my son's question, the ''how'' of genetic change may have several answers. Mutations induced in nondividing cells through DNA repair errors may occur in vivo and be different in spectrum from those induced in dividing cells. Returning to mouse germ cell mutations and ENU, Russell and Russell (21) found that ENU is uniquely mutagenic in arrested, as well as maturing oocytes. This mutagenicity may be caused by persistent, unrepaired adducts that are subsequently converted to mutations through DNA replication or to mutation fixation through misrepair. Perhaps the latter is a first step in the development of some cancers. The paper by Bielas and Heddle presents a new approach to address these important questions.
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